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Repair of the programmed meiotic double-strand
breaks (DSBs) that initiate recombination must be
coordinated with homolog pairing to generate cross-
overs capable of directing chromosome segregation.
Chromosomepairing andsynapsis proceed indepen-
dently of recombination in worms and flies, suggest-
ing a paradoxical lack of coregulation. Here, we find
that the meiotic axis component HTP-3 links DSB
formation with homolog pairing and synapsis. HTP-3
forms complexes with the DSB repair components
MRE-11/RAD-50 and the meiosis-specific axis com-
ponent HIM-3. Loss of htp-3 ormre-11 recapitulates
meioticphenotypes consistentwith a failure togener-
ate DSBs, suggesting that HTP-3 associates with
MRE-11/RAD-50 in a complex required for meiotic
DSB formation. LossofHTP-3eliminatesHIM-3 local-
ization to axes and HIM-3-dependent homolog align-
ment, synapsis, and crossing over. Our study reveals
a mechanism for coupling meiotic DSB formation
with homolog pairing through the essential participa-
tion of an axis component with complexes mediating
both processes.
INTRODUCTION
In the vastmajority of sexually reproducing organisms, the segre-
gation of chromosomes at the first meiotic division relies on the
maturation of recombination events into the crossovers capable
of biorienting the kinetochores to opposite poles. Most, if not
all, meiotic recombination initiates with the formation of pro-
grammed double-strand breaks (DSBs) catalyzed by Spo11p,
an evolutionarily conserved type II topoisomerase-like transes-
terase. While the events and preconditions leading to Spo11p-
mediated meiotic DSB formation are poorly understood, meiotic
DSB formation is regulated at the level of chromatin accessibility
(Murakamiet al., 2003;ReddyandVilleneuve,2004)by theactivity
of other proteins required for DSB formation and by Cdk activity
(Henderson et al., 2006). In S. cerevisiae, for example, the Mre-
11-Rad50-Xrs2 (MRX) complex and at least six other genes are
required forDSB formation (reviewedbyKeeney, 2001). Once ini-
tiated, the conserved DSB-generating reaction yields Spo11p
covalently associated with the free 50 strand termini, and theDeverepair of the DSB requires the release of Spo11p through an
asymmetrical endonucleolytic cleavage activity that is thought
to originate in the MRX complex of yeast and the analogous
Mre11-Rad50-Nbs1 (MRN) complex in vertebrates (Neale et al.,
2005). This resection generates 30 ssDNA overhangs which are
bound by members of the bacterial RecA family of strand-
exchange proteins (Rad51, Dmc1) and which initiate a search
for homology that culminates in the repair of the DSB (reviewed
by Neale and Keeney, 2006). Since only recombination interme-
diates that use the homolog as a repair template can generate
the crossover critical for meiotic segregation, recombination
must be coupled to homologous chromosome pairing to ensure
the spatial availability of the chiasma-generating template.
Meiotic chromosome pairing consists of at least three succes-
sive steps: a long-range interaction which facilitates homolog
recognition, the alignment of identical chromosome pairs along
their lengths at a distance (also known as homolog juxtaposition
or presynaptic alignment), and an intimate association of aligned
homologs at a distance of 100 nm through synapsis (Zickler,
2006). These events are combined with dramatic changes in
chromosomemorphology: first, the assembly of a proteinaceous
axial element between newly replicated sister chromatids, and
second, the polymerization of transverse filament proteins
between the axes of homologous chromosomes, giving rise to
the tripartite proteinaceous structure that defines synapsis, the
synaptonemal complex (SC) (Kleckner, 2006). While studies
from plant, animal, and fungal model systems collectively seem
to suggest that the process of homolog recognition is indepen-
dent of the recombination pathway, different organisms show
different dependencies on meiotic DSB formation and recombi-
nation initiation in achieving presynaptic alignment and synapsis.
At one end of the spectrum,wild-type levels of DSB formation are
required to form recombination-based connections between
homologous chromosome axes to align them (Tesse´ et al.,
2003; Peoples et al., 2002), followed by the initiation of synapsis
at the sites of a subset of axial associations destined to become
crossovers (Henderson and Keeney, 2005). Consequently, the
recombination pathway is functionally interdigitatedwith presyn-
aptic alignment and synapsis;meioticDSB formation and recom-
bination are required for presynaptic alignment and the initiation
of synapsis, and SC formation is required for the maturation
of axial associations into crossovers. In contrast, homolog recog-
nition, presynaptic alignment, and synapsis proceed in the
absence of DSBs and recombination inC. elegans andDrosoph-
ila, culminating in homologously synapsed chromosome pairs
(Dernburg et al., 1998; McKim et al., 1998). Furthermore,lopmental Cell 14, 263–274, February 2008 ª2008 Elsevier Inc. 263
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in which chromosomes fail to align and synapse (Couteau et al.,
2004), indicating that homolog alignment and synapsis are not
a prerequisite for DSB formation and repair. Despite this seeming
lack of mechanistic coupling between the recombination and
chromosome-pairingpathways, theprocessingof recombination
intermediates into crossovers strictly depends on the assembly
of the SC between homologous chromosome axes (MacQueen
et al., 2002; Colaia´covo et al., 2003), indicating that recombina-
tion and chromosome ‘‘pairing’’ must be coordinated during
wild-type meiosis to achieve crossover formation.
Although the precise mechanism is unknown, chromosome
morphogenesis, and in particular chromosome axes, has been
extensively implicated as an evolutionarily conserved conduit
for coordinating recombination initiation and progression with
chromosome pairing status during meiosis. In S. cerevisiae,
axis components such as Hop1p and Red1p are required to
establish normal levels of meiotic DSBs in addition to their
essential function in synapsis, revealing a role for structural com-
ponents in localization or activation of Spo11p. This is a function-
ally economical scenario in the case of Hop1, since it is also
required to establish the barrier to using the sister chromatid
as a repair template and for SC assembly, thereby promoting
repair of the recombination intermediate using the homolog as
a partner and generating the chiasmata critical for proper chro-
mosome segregation at meiosis (Niu et al., 2005). In C. elegans,
the proper execution of homolog pairing, synapsis, and crossing
over depends on the activity of the meiosis-specific axis compo-
nent HIM-3 and its three paralogs (Zetka et al., 1999; Couteau
et al., 2004; Couteau and Zetka, 2005; Martinez-Perez and
Villeneuve, 2005; this study). HIM-3 is essential for homolog
alignment and synapsis, and functions in the barrier-to-sister
chromatid exchange (BSCE) during recombination (Zetka et al.,
1999; Couteau et al., 2004). In this study, we find that the HIM-
3 paralog HTP-3 is a germline-specific protein that associates
with chromatin in premeiotic nuclei and is a component of mei-
otic chromosome axes. While the other members of the HIM-3
family are dispensable for recombination initiation, our results
suggest that HTP-3 forms complexes with MRE-11/RAD-50 to
mediate meiotic DSB formation and with HIM-3 to mediate
homolog alignment and synapsis, revealing HTP-3 to be critical
for the processes of recombination initiation, homolog align-
ment, and synapsis.
RESULTS
HTP-3 Localizes to Chromatin Premeiotically
and Is a Component of Meiotic Chromsome Axes
The germline of C. elegans is a syncytium of nuclei representing
a spatio-temporal progression through meiotic prophase that is
easily observed in three-dimensionally preserved DAPI-stained
germlines. Upon entering the meiotic cell cycle, nuclei enter the
transition zone (corresponding to leptotene-zygotene; Dernburg
et al., 1998) and are cytologically distinguishable by their cres-
cent-shaped appearance, a consequence of the chromosome
clustering that is associated with this stage. Nuclei then enter
the pachytene region of the germline where the fully aligned
and synapsed homologs are evident as equidistantly spaced,
parallel tracks; following desynapsis at diplotene, the chiasmata264 Developmental Cell 14, 263–274, February 2008 ª2008 Elsevierjoining chromosome pairs are revealed. To investigate the locali-
zation of HTP-3, polyclonal antibodies were raised against the
C-terminal portion of the protein (aa 414–607); HTP-3 localized
to all nuclei within the germline, both those proliferatingmitotically
and those engaged in the meiotic cell cycle (Figure 1A). In premei-
otic nuclei, HTP-3 staining assumed a diffuse pattern that overlap-
ped the DAPI-stained chromatin in interphase nuclei (Figure 1A)
but was not detectable on the condensed chromatin of M-phase
nuclei (data not shown). Upon entry into meiotic prophase, HTP-3
localized to chromosome axes, consistent with a previous report
(MacQueen et al., 2005), and colocalized with HIM-3 throughout
meiotic prophase (Figure 1B and data not shown).
Figure 1. HTP-3 Localizes to Germline Nuclei and Colocalizes with
HIM-3 to Meiotic Chromosome Cores
High-magnification immunofluorescence micrographs of HTP-3 localization
during meiotic prophase in wild-type germlines (A). In premeiotic nuclei,
HTP-3 (cyan) is largely colocalized with the DAPI-stained chromatin (red). In
early prophase nuclei at the leptotene-zygotene stage, HTP-3 localizes to
assembling meiotic chromosome axes. At mid-pachytene, HTP-3 is localized
to synapsed chromosome axes. Following desynapsis, HTP-3 localization
adopts a cruciform pattern on the condensed bivalents of diakinesis nuclei.
(B) Anti-HTP-3 and anti-HIM-3 signals colocalize along the lengths of
synapsed chromosomes in pachytene nuclei. Scale bars, 3 mM.Inc.
Developmental Cell
CeHTP-3 Required for DSB FormationHTP-3 Forms Complexes In Vivo
with MRE-11/RAD-50 and HIM-3
The localization of HTP-3 to both premeiotic chromatin and to
meiotic chromosome axes suggested that the protein associ-
ated with distinct complexes, and we next used a biochemical
approach to reveal its potential functions by identifying the com-
ponents in HTP-3-containing complexes. Unique protein bands
from HTP-3 immunoprecipitates were identified and analyzed
by mass spectroscopy (data not shown). As expected, HTP-3
was among the bands at relative molecular mass 66,000 (Mr
66K). In addition, a significant number of peptide fragments
matched the tryptic peptides predicted for the worm homologs
of two components of the yeast MRX complex, MRE-11 and
RAD-50, and for the HTP-3 paralog HIM-3. However, no interact-
ing candidates corresponded to the putativeC. elegans Xrs2 ho-
molog, XNP-1 (Garcia-Muse and Boulton, 2007). To confirm the
interaction with MRE-11, we raised anti-MRE-11 antibodies (Ex-
perimental Procedures) and identified MRE-11 in western blot
analyses of HTP-3-immunoprecipitated complexes derived
from adult stage hermaphrodite extracts, but not in control reac-
tions (Figure2A). ImmunolocalizationofMRE-11 inmre-11(ok179)
deletion mutants detected only nonspecific background
staining, consistent with the lack of detectable MRE-11 in
Figure 2. HTP-3 Associates with MRE-11 in
a Complex In Vivo
(A) Western blot analyses using extracts derived
from 50 adult hermaphrodites of the indicated
genotype probed with anti-MRE-11 antibody.
Wild-type levels of MRE-11 are detected in spo-
11 mutants, but no protein is detectable in mre-
11 deletion mutants and decreased levels are
detected in rad-50mutants.Western blot of immu-
noprecipitations from staged adult hermaphrodite
extracts using anti-MRE11 antibodies. MRE-11 is
not detected in IPs first blocked with HTP-3 anti-
gen (Block-IP) or in mock reactions containing
anti-HTP-3 and IP buffer alone (Mock-IP).
(B) High-magnification immunofluoresence micro-
graphs of mid-pachytene nuclei from germlines of
the indicated genotype stained with anti-MRE-11.
MRE-11 is detected as foci in WT and htp-3 (RNAi)
germlines, whereas only background levels can be
detected in mre-11 and rad-50 mutants. Scale
bars, 2 mm.
western blot analyses of mutant germ-
lines (Figures 2A and 2B). Since no
mutants of htp-3 exist, we used RNA in-
terference (RNAi) to investigate the role
of the gene during meiosis (Experimental
Procedures). In wild-type, htp-3(RNAi),
and spo-11(ok79) germlines, MRE-11
staining was evident as abundant nuclear
foci throughout meiosis (Figure 2B and
data not shown), indicating that bulk
MRE-11 stability and localization was not
dependent on the presence of HTP-3,
SPO-11, or meiotic DSBs per se. In con-
trast, in rad-50(ok197) mutants little
MRE-11 was detected in western blot
analyses, and levels similar to those observed for mre-11
mutants were detected by immunostaining of rad-50 mutant
germlines (Figure 2), suggesting that MRE-11 is unstable unless
associated with RAD-50.
To confirm that HTP-3 and HIM-3 form a complex in vivo, we
immunoprecipitated HTP-3-containing complexes and probed
for the presence of HIM-3 on western blots (Figure 3A). Anti-
HTP-3 antibodies immunoprecipitated HIM-3 from staged adult
hermaphrodite extracts; specificity of the interaction is demon-
strated by the failure to detect HIM-3 in western blots of
amock immunoprecipitation reaction and by the loss of the inter-
action in immunoprecipitation reactions in which the antibody
was first blocked with the HTP-3 antigen. To functionally inves-
tigate this biochemical interaction, we examined HTP-3 localiza-
tion in him-3(gk149) null mutant germlines and HIM-3 localization
in htp-3(RNAi) germlines. While HTP-3 localized to chromosome
axes in him-3 null mutants at appropriate levels and with normal
timing, no HIM-3 could be detected at chromosome axes of
htp-3(RNAi) meiotic nuclei at any stage, indicating that HTP-3
recruitment to meiotic chromosome axes is a prerequisite for
subsequent HIM-3 association (Figures 3B and 3C; data not
shown). Surprisingly, little HIM-3 was detectable in htp-3(RNAi)
nuclei per se, despite the fact that the him-3 transcript couldDevelopmental Cell 14, 263–274, February 2008 ª2008 Elsevier Inc. 265
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in the Supplemental Data available with this article online), sug-
gesting that HIM-3 may be unstable or undetectable when not
axis associated. Taken together, the pattern of HTP-3 localiza-
tion and our biochemical results suggest that HTP-3 associates
with distinct complexes to function at two interfaces: the MRE-
11/RAD-50 complex at the chromatin interface and with HIM-3
at the chromosome axis interface.
RAD-51- and RPA-1-Marked Early Recombination
Intermediates Fail to Form in htp-3(RNAi)
We next investigated the functional significance of the HTP-3/
MRE-11 interaction. In S. cerevisiae, Mre11p is required for DSB
formation and processing, and several lines of evidence suggest
a similar role for the worm homolog. In wild-type C. elegansmei-
osis, chiasmata physically link each pair of the six chromosomes,
which resolve into sixDAPI-stainedbodies, or bivalents, in ooctye
nuclei at the final stage of meiotic prophase, known as diakinesis.
mre-11 mutants predictably fail to make chiasmata, and instead
12 well-formed univalents are evident at diakinesis (Chin and Vil-
leneuve, 2001), identical to those observed in spo-11 mutants
(Dernburg et al., 1998). Furthermore, they do not show the chro-
matin decondensation defect of DSB repair mutants that origi-
nates with the presence of unrepaired meiotic DSBs (Alpi et al.,
2003; Martin et al., 2005), and instead mre-11(RNAi) rescues the
Figure 3. HTP-3 Forms a Complex with
HIM-3 In Vivo and Is Required for HIM-3
Localization
(A) Western blot analysis of HTP-3 immunoprecip-
itates (IP) with anti-HIM-3 antibodies reveals the
presence of HIM-3. HIM-3 is not detected in con-
trol IPs using either HTP-3 antibody blocked by
preincubation with HTP-3 antigen (block IP) or in
mock IP reactions (HTP-3 antibody in IP buffer).
(B and C) High-magnification immunofluores-
cence micrographs of him-3(gk149) and htp-
3(RNAi) mutant nuclei from the pachytene region
of the germlines (zone IV). (B) HTP-3 localizes to
unsynapsed axes in him-3(gk149). (C) HIM-3 fails
to localize to chromosome axes in htp-3(RNAi)
germlines. Scale bars, 2 mm.
DSB-dependent decondensation defect
of diakinesis chromosomes of rad-51
mutants (Figure 4C), suggesting the nem-
atode MRE-11 has a conserved role in
meiotic DSB formation. Given that HIM-3
is dispensable for recombination initiation
(Couteau et al., 2004), we sought to
investigate if the role of HTP-3 in HTP-3/
MRE-11 complexes could be at the level
of DSB formation.
To examine the role of HTP-3 in recom-
bination initiation, we used an antibody
to RAD-51—a protein involved in the
strand-exchange steps of DSB repair
during HR and whose localization is
dependent on the presence of DSBs
(Colaia´covo et al., 2003)—to monitor
early recombination events (Figures 4A and 4B). In a time course
analysis of RAD-51 foci appearance and disappearance in wild-
type and him-3 null mutant germlines, the number of RAD-51-
marked nuclei and the number of RAD-51 foci per nucleus
peak in early pachytene (zone III) (Colaia´covo et al., 2003; Cou-
teau et al., 2004). Surprisingly, we could detect only background
levels of RAD-51 foci throughout htp-3(RNAi) germlines (data not
shown), and in zone III, the level of detectable RAD-51 foci was
not statistically different from spo-11(ok79) null mutants
(Figure 4A), in which DSBs fail to form (Dernburg et al., 1998), de-
spite the fact spo-11 transcripts could be detected by RT-PCR
(Figure S1), indicating the gene was expressed. Since g-irradia-
tion-induced DSBs can bypass the need for SPO-11 activity in
recombination initiation inC. elegans (Dernburg et al., 1998; Kelly
et al., 2000), RAD-51 localization was examined in irradiated htp-
3(RNAi) germlines to determine if the lack of RAD-51 foci was
a failure in the expression of RAD-51 or its localization to
DSBs. RAD-51 localized to chromosomes in both htp-3(RNAi)-
and control spo-11(ok79)-irradiated germlines, indicating that
the protein was both expressed and competent to localize to ar-
tificially provided DSBs in the absence of HTP-3 (Figure 4B). Fur-
thermore, 12 well-formed univalents were observed in htp-
3(RNAi) germlines following irradiation (Figure 4C), indicating
that DSBs can be efficiently repaired in the absence of HTP-3.
Similar to the RAD-51-marked recombination intermediates266 Developmental Cell 14, 263–274, February 2008 ª2008 Elsevier Inc.
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and in him-3 null mutants (Couteau et al., 2004), these artificially
providedDSBs are likely to be repaired using the sister chromatid
as a repair template, since sister chromatid cohesion is required
for meiotic DSB repair (Pasierbek et al., 2001, 2003; Wang et al.,
2003) and mutants in components of the homologous recombi-
nation (HR) repair pathway exhibit chromosome fragmentation
at diakinesis in the presence of DSBs (Chin and Villeneuve,
2001; Alpi et al., 2003; Martin et al., 2005). To determine if early
recombination intermediates not yet processed for RAD-51 load-
ing form in htp-3(RNAi) germlines, we next examined the localiza-
tion ofRPA-1, theC. eleganshomologof replication protein A that
rapidly binds the ssDNA tail generated during HR before being
displacedbyRAD-51. Several aspectsofRAD-51activity, includ-
ing the displacement of RPA-1, are regulated by BRC-2, the
homolog of the human DNA repair gene BRCA2. In C. elegans
brc-2(tm1086) mutants, RPA-1 foci accumulate and persist at
inappropriately late stages of meiosis in a DSB-dependent man-
ner compared to wild-type (Martin et al., 2005). While a similar
accumulation of RPA-1-marked foci was observed in the late-
pachytene nuclei of brc-2 mutants, no foci were detected in
nuclei of that stage in htp-3(RNAi) germlines (Figure S2), corrob-
orating the interpretation that the resected meiotic DSBs central
to the HR mechanism did not form in the absence of HTP-3.
htp-3(RNAi) Rescues the DSB-Dependent Diakinesis
Defects of rad-51 and brc-2Mutants
Given our inability to detect the earliest intermediates of HR-me-
diated DSB repair, we next considered the possibility that HTP-3
is required for the formation of meiotically programmed DSBs by
investigating if htp-3(RNAi) could rescue the DSB-dependent
defects of HR-defective mutants (Rinaldo et al., 2002; Takanami
et al., 2003; Alpi et al., 2003;Martin et al., 2005). In the absence of
RAD-51 or BRC-2, homologs align and synapse; however, at dia-
kinesis the chromosomes appear as decondensed and aggre-
gated masses, a spo-11-dependent phenotype thought to be
due to the accumulation of unrepaired meiotic DSBs (Alpi et al.,
2003). In the diakinesis nuclei of rad-51(lg8701); htp-3(RNAi)
and brc-2(tm1086); htp-3(RNAi) germlines, 12 well-condensed
univalents were formed (Figure 4C), similar to those observed
at diakinesis in rad-51(RNAi); spo-11(ok79) and brc-2(tm1086);
spo-11(ok79) double mutants in which DSBs fail to form (Rinaldo
et al., 2002; Takanami et al., 2003; Martin et al., 2005).
htp-3(RNAi) Does Not Activate RAD-51-Independent
Repair Pathways in the Germline
In principle, germline DSBs (both artificially induced and spo-11
catalyzed) could potentially be repaired by the nonhomologous
end-joining pathway (NHEJ). While the HR pathway uses homolo-
gous sequences on the sister chromatid or homolog as a template
for error-free repair, the NHEJ pathway results in the direct ligation
of broken DNA ends via an error-prone mechanism that can gen-
erate mutations. Likely as a consequence of the potential for ge-
nome instability through NHEJ-mediated DSB repair and the in-
ability of this pathway to generate chiasmata, C. elegans uses
HR to repair both radiation-induced and meiotically programmed
DSBs in germ cells at all times (Clejan et al., 2006), despite the
fact that genes encoding the core NHEJ factors lig-4, cku-70,
and cku-80 are expressed at high levels in the germline (ReinkeDeveet al., 2004). Since NHEJ components are potentially functional
in the germline, we investigated if meiotic DSBs were inappropri-
ately repaired using NHEJ in the absence of HTP-3, thereby ex-
cluding the formation of RAD-51-marked intermediates. Mutants
inC. elegans lig-4, the ligase catalyzing the sealing of DSBsduring
the repair reaction, shownodefects inmeioticprocesses,andpro-
phase nuclei arrive at diakinesis with the six bivalents observed in
wild-type germlines (Martin et al., 2005, this study); however, rad-
51(RNAi) in lig-4mutants results in the chromatin decondensation
and chromosome aggregation typical of rad-51 mutants, consis-
tent with the primacy of HR-mediated repair of meiotic DSBs
(Figure 4C). The rescue of the diakinesis defects observed in
rad-51; htp-3(RNAi) germlines cannot be explained by inappropri-
ate activation of the NHEJ pathway since 12 well-formed univa-
lents are consistently observed in the diakinesis nuclei of lig-4;
rad-51(RNAi); htp-3(RNAi) in which the NHEJ pathway is inactive.
Taken together, our resultsdemonstrateaNHEJ-independent res-
cue of DSB-dependent defects of HR mutants in the absence of
HTP-3 that ismost parsimoniously explained by an essential func-
tion for HTP-3 during meiotic DSB formation per se.
Analysis of the chromatin-associated protein HIM-17 sug-
gested the involvement of histone modifications in rendering
chromatin competent for meiotically programmed DSBs (Reddy
and Villeneuve, 2004). Given that the absence of HTP-3 does not
detectably affect HIM-17 localization (data not shown) or result in
the Him-17-related deficits in H3MeK9 levels that are correlated
with the loss of competency to form meiotic DSBs (Figure S3),
the requirement for HTP-3 in DSB formation defines a new
mechanism of regulation.
Recombination Initiation in scc-3 Mutants
Is HTP-3 Dependent
The association of HTP-3 to chromatin in premeiotic germline
nuclei and to meiotic chromosome is similar to the localization
observed for cohesins, the multisubunit complex that mediates
sister chromatid cohesion during mitosis and meiosis (Pasierbek
et al., 2001, 2003; Chan et al., 2003). The cohesin complex is
composed of four conserved proteins: the two SMC (structural
maintenance of chromosomes) SMC-1 and SMC-3 encircle the
sister chromatids and form a ring in conjunction with two non-
SMC components, SCC-3 and SCC-1 (or its meiotic counterpart
REC-8) (reviewed by Nasmyth and Haering, 2005). InC. elegans,
sister chromatid cohesion has been shown to be required for the
formation of meiotic chromosome axes since in both rec-8 and
scc-3 mutants, the axis component HIM-3 fails to localize
(Pasierbek et al., 2001, 2003). Similarly, in scc-3-depleted germ-
lines in which REC-8 fails to load and sister chromatid cohesion
is severely abrogated (Wang et al., 2003; Pasierbek et al., 2003),
HTP-3 was mislocalized (Figure 5A). In premeiotic nuclei, HTP-3
localization was disrupted, although some HTP-3 still detectably
colocalized with chromatin. In meiotic nuclei, HTP-3 localized to
one or a few aggregates within the nucleoplasm from the earliest
stages ofmeiotic prophase entry (Figure 5A and data not shown),
a pattern reminiscent of HIM-3 mislocalization reported in scc-
3(RNAi) (Pasierbek et al., 2003). From these results, we conclude
that cohesins provide a structural platform for the recruitment of
HTP-3 and downstream axis components like HIM-3.
In budding yeast, the detection of DSB formation in chromatin
loops, rather than in axis-associated DNA sequences, has led tolopmental Cell 14, 263–274, February 2008 ª2008 Elsevier Inc. 267
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(A) Bar graph showing the percentage of individual nuclei from the early-pachytene region (zone III) containing either 0, 1, 2–3, 4–6, 7–12, or more than 12 RAD-51
foci in germlines of animals of the indicated genotypes. In wild-type germlines, the number of RAD-51 foci peaks in zone III, and in spo-11 mutant germlines in
whichmeiotic DSB formation is abrogated, only background levels can be detected. htp-3(RNAi) germline nuclei exhibited only background levels of RAD-51 foci
not significantly different from those detected in spo-11(ok79) null mutants (probability of being different, p = 0.0001 by Mann-Whitney).
(B) Immunofluorescence microgaphs showing defects in RAD-51 foci formation in zone III nuclei of Spo-11 mutants and htp-3(RNAi) germlines; introduction of
artificial DSBs using g-irradiation (Experimental Procedures) results in robust RAD-51 foci formation.268 Developmental Cell 14, 263–274, February 2008 ª2008 Elsevier Inc.
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axis components to propel the formation of meiotic DSBs to the
context of chromosomal axes where their repair can be directed
along an interhomolog pathway that generates crossovers
(Zickler and Kleckner, 1999). To determine if HTP-3 localization
to chromosome axes was essential for its function in meiotic
recombination initiation, we examined RAD-51 focus formation
in scc-3-depleted germlines in which HTP-3 fails to localize to
(C) DAPI-stained diakinesis nuclei of animals of the indicated genotype. In wild-type oocytes, six well-condensed bivalents are observed, while in htp-3(RNAi) (49/
49 oocytes examined) and spo-11 oocytes, 12 univalents are observed, indicating a failure in chiasma formation. In g-irradiated germlines of htp-3(RNAi) animals,
12 well-formed univalents appear at diakinesis, indicating that DSB repair can proceed in the absence of HTP-3. rad-51(lg8701) and brc-2 (tm1086) mutant
oocytes exhibit a DSB-dependent defect in chromatin condensation; this phenotype is rescued by htp-3(RNAi), independent of the activity of the central
NHEJ ligase lig-4, and by mre-11(RNAi), resulting in 12 well-formed univalents. Scale bars, 2 mm.
Figure 5. SCC-3-Dependent Localization of
HTP-3 to Chromosome Axes Is Not Re-
quired for Recombination Initiation
(A) High-magnification images of premeiotic nuclei
showing reduced HTP-3 localization to chromatin
in scc-3(ku263) mutants and no detectable HTP-3
in htp-3(RNAi) germlines (compare to Figure 1).
Pachytene-stage nuclei of scc-3(ku263) mutants
show no detectable anti-HTP-3 signal at chromo-
some cores, and instead the protein localizes to
one or two nuclear aggregates.
(B) Early-pachytene-stage nuclei of scc-3(RNAi)
germlines showing high levels of RAD-51 foci
and aggregation of HTP-3. RAD-51 foci formation
is dependent on spo-11 and on htp-3, indicating
that the foci are early meiotic recombination inter-
mediates and recombination initiation is depen-
dent on htp-3 in the absence of scc-3. Scale
bars, 3 mm.
chromosomes and instead aggregates
in the nucleoplasm (Figure 5). We rea-
soned that if the localization of HTP-3
was required for its function in DSB for-
mation, then RAD-51 foci formation in
scc-3-depleted germlines should be sim-
ilar to the levels observed in htp-3(RNAi)
germlines; instead, large numbers of
RAD-51 foci were observed in both scc-
3(RNAi) and scc-3(ku263) mutant germ-
lines (Table S1), consistent with previous
reports of RAD-51 foci formation in rec-
8 cosuppressed germlines (Alpi et al.,
2003). To confirm that these foci were
the products of meiotic recombination
initiation rather than RAD-51-marked
DNA repair intermediates originating
from the persistence of replication errors
as a consequence of cohesion defects
(Sonoda et al., 2001), we next stained
for RAD-51 in scc-3(RNAi); spo-11(ok59)
germlines (Figure 5B), in which pro-
grammed meiotic DSBs are eliminated
due to the absence of SPO-11. We ob-
served a reduction in RAD-51 foci in
scc-3(RNAi); spo-11(ok59) germlines to levels comparable to
those observed in spo-11(ok79) mutant germlines (>95% of the
nuclei contain noRAD-51 foci; TableS1andFigure 5A), indicating
that the vast majority of foci detected in the scc-3(ku263)mutant
were the result of meiotic recombination initiation. Next, we
sought to confirm that the formation of meiotic DSBs in the ab-
sence of SCC-3 was also HTP-3 dependent, despite the fact
that HTP-3 localizes to nuclear aggregates from the earliestDevelopmental Cell 14, 263–274, February 2008 ª2008 Elsevier Inc. 269
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above background levels in spo-11(ok79); scc-3(RNAi) or htp-
3(RNAi);scc-3(ku263)mutant germlines (Figure 5B), and quantifi-
cation of these foci detected no statistical difference between the
two genotypes (p = 0.38 by two-tailed Mann-Whitney Test, C.I.
95%). We next investigated if MRE-11 colocalized into the nu-
clear aggregates of HTP-3 observed in scc-3mutants; however,
no overt localization of MRE-11 into the aggregates could be de-
tected (data not shown). Consequently,MRE-11may still interact
with the residual chromatin-associated pool of HTP-3 detectable
in premeiotic nuclei to mediate DSB formation in scc-3mutants,
or HTP-3 may have an MRE-11-independent function in the pro-
cess. Nevertheless, our results demonstrate that meiotic DSB
formation requires HTP-3 in the absence of SCC-3 (and cohesin;
Wang et al., 2003) and that the localization of HTP-3 to meiotic
Figure 6. HTP-3 Is Required for Homolog
Alignment and Synapsis
Hermaphrodite gonads were divided into five
equivalently sized intervals along the proximal-
distal axis (45–50 mm each) corresponding to the
following stages: prmeiotic zone (I), leptotene-zy-
gotene (II), and early-, mid-, and late-pachytene
(III–V). A single-copy probe was used to monitor
pairing of loci on chromosome X left (LG XL), and
a probe targeting the 5S rDNA locus located ap-
proximately 15% of the chromosome length from
the right end of chromosome V (5S rDNA).
(A) Immunofluorescence micrographs showing
paired and unpaired FISH signals in wild-type
and htp-3(RNAi) mid-pachytene-stage nuclei, re-
spectively.
(B) Histograms showing pairing levels for the indi-
cated probes in each genotype. Pairing levels in
htp-3(RNAi) did not rise significantly above back-
ground levels in the premeiotic zone for either
probe (probability of being different, p = 0.0001
by Fisher’s Exact Test). For each zone, the follow-
ing numbers of nuclei were scored: wild-type-5S
probe (160, 174, 181, 178, 149), wild-type-X probe
(143, 176, 168, 192, 166), htp-3(RNAi)-5S probe
(169, 208, 267, 246, 170), htp-3(RNAi)-X
probe (103, 176, 208, 175, 133).
(C) In wild-typemid-pachytene-stage germline nu-
clei, DAPI-stained chromosomes are organized in
parallel tracks characteristic of synapsed chromo-
somes. The central element component SYP-1
localizes to long continuous bands between ho-
mologous chromosomes. In the mid-pachytene
interval of htp-3(RNAi) germlines, pachytene nu-
clei are disorganized and lack the side-by-side
arrangement of DAPI-stained chromosomes, and
SYP-1 fails to localize and instead forms nuclear
aggregates, indicating a failure in synapsis. Scale
bars, 2 mm.
chromosome axes is not required for its
function during recombination initiation.
HTP-3 Is Required for Homolog
Alignment and Synapsis
HIM-3 is a C. elegans meiosis-specific
noncohesin component of chromosome
axes that we have shown to be required for both initial homolog
alignment and for synapsis (Zetka et al., 1999; Couteau et al.,
2004). Given that HTP-3 complexes contain HIM-3 and that
HTP-3 is required for localization of HIM-3 to chromosome
axes, the loss of HTP-3 would be predicted to result in severe
meiotic defects independent of its role in meiotic DSB formation.
To investigate the consequences of HTP-3 loss on these pro-
cesses, chromosome behavior was examined in htp-3(RNAi)
hermaphrodites. A time course analysis of pairing levels in htp-
3(RNAi) hermaphrodites using fluorescence in situ hybridization
(FISH) to several chromosomal loci was performed (Figures 6A
and 6B); paired FISH signals in htp-3(RNAi) germlines were never
observed above the background level detected in the premeiotic
region, indicating that HTP-3 was required for the establishment
of initial homolog alignment. Furthermore, the DAPI-stained270 Developmental Cell 14, 263–274, February 2008 ª2008 Elsevier Inc.
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failed to adopt the equidistant, side-by-side alignment charac-
teristic of synapsed chromosomes (Figure 6C; MacQueen
et al., 2002), and localization of SYP-1, a central region SC com-
ponent required for synapsis SYP-1, was limited to one or a few
small nuclear aggregates in the pachytene region (Figure 6C),
reminiscent of the localization of SYP-1 in him-3 null mutants
in which chromosomes fail to synapse (Couteau et al., 2004).
DISCUSSION
HTP-3 Links Meiotic DSB Formation with Chromosome
Pairing, Synapsis, and Interhomolog Recombination
Our analysis has identified HTP-3 as a key meiotic regulator that
is required for the fundamental meiotic processes of DSB forma-
tion during meiotic recombination initiation, homolog alignment,
and synapsis. In the absence of HTP-3, chromosomes fail to
attain early alignment and synapsis as evidenced by (1) the
lack of paired FISH signals throughout meiotic prophase, (2)
the lack of parallel DAPI-stained tracts in pachytene nuclei, (3)
the failure to recruit SC components like SYP-1 to chromosomes
and the localization of SYP-1 to the nuclear aggregates observed
in other synapsis-defective mutants, and (4) the failure to form
chiasmata at diakinesis (Colaia´covo et al., 2003; Couteau
et al., 2004). These defects are strikingly similar to those reported
for mutants in him-3 (Couteau et al., 2004), and in fact HTP-3
interacts with HIM-3 in yeast two-hybrid screens (data not
shown), HTP-3-immunoprecipitated complexes contain HIM-3,
and HTP-3 localization to chromosome axes is required for sub-
sequent association of HIM-3, indicating that the two proteins
physically interact. While the possibility that HTP-3 has indepen-
dent functions in homolog alignment, synapsis, and chiasma
formation remains, the simplest interpretation is that the role of
HTP-3 in these processes is molecularly effected through HIM-3
recruitment to meiotic chromosome axes.
In stark contrast to him-3 null mutants in which recombination
is initiated on time and at wild-type levels (Couteau et al., 2004),
noRAD-51- orRPA-1-marked early recombination intermediates
could be detected in the absence of HTP-3. Since RAD-51 could
be recruited to artificially providedDSBs in irradiated htp-3(RNAi)
germlines and no chromosome fragmentation or chromatin con-
densation defects were observed at diakinesis, we conclude that
DSBs can be efficiently processed and repaired using HR in the
absence of HTP-3, similar to other synapsis-defective mutants
where homologous chromosomes are unavailable as templates
for repair (Colaia´covo et al., 2003; Couteau et al., 2004; Smolikov
et al., 2007). The failure to detect early RAD-51-marked HR re-
combination intermediates in htp-3(RNAi) germlines could be
explained by the repair of meiotic DSBs via an inappropriate
non-HR pathway, or by the failure to formDSBs per se. However,
our observations argue for the latter interpretation since the
depletion of htp-3 by RNAi rescues the DSB-dependent chromo-
some aggregation defects observed at diakinesis in both rad-51
(required for HR) and brc-2 mutants (required for HR and for
RAD-51-independent BRC-2-dependent DSB repair activity;
Martin et al., 2005). This rescue occurs independently of the
NHEJ core component lig-4, indicating that it does not require
the activity of any known DSB repair pathway. Taken together,Deveour study provides multiple lines of evidence that collectively
suggest that HTP-3 is essential for meiotic DSB formation.
Our biochemical analyses reveal that HTP-3 forms a complex
with MRE-11 and RAD-50 in vivo, and several lines of evidence
point to a conserved role for MRE-11 in meiotic DSB formation.
Unlike rad-51 mutants, the diakinesis univalents observed in
mre-11 mutants are well condensed, despite their inability to
repair artificially provided DSBs, consistent with the interpreta-
tion that meiotic DSBs fail to form in mre-11 mutants (Chin and
Villeneuve, 2001). Furthermore, depletion of mre-11 rescues
the DSB-dependent chromosome defects in the diakinesis
nuclei of rad-51 mutants. Because MRE-11 is unstable in the
absence of RAD-50 (Figure 6), the evidence collectively suggests
that MRE-11 and RAD-50 form a conserved complex (similar to
the MRX complex)—possibly including the putative nematode
Xrs2 homolog XNP-1 (Garcia-Muse and Boulton, 2007)—that is
required for both the formation and the processing (50 to 30 resec-
tion) of the regulated DSBs that initiate meiotic recombination.
Given that HTP-3 forms a complex with MRE-11/RAD-50, the
simplest explanation for the requirement for HTP-3 in meiotic
DSB formation is at the level of its interaction with MRE-11 and
RAD-50. HTP-3 does not appear to be required for bulk stabiliza-
tion or localization of the MRE-11/RAD-50 complex to chromo-
somes since WT-like levels of MRE-11 foci form in meiotic
htp-3(RNAi) nuclei, and a large fraction colocalize with chroma-
tin. A similar pattern of localization is also observed in spo-11
mutants (data not shown), indicating that in C. elegans, as in
budding yeast, SPO-11 is not required for bulk MRE-11 localiza-
tion. These results are consistent with the emerging model that
the DSB complex is composed of subgroups of interacting
proteins that successively cooperate to facilitate SPO-11-
dependent cleavage, rather than a preassembled holoenzyme
stoichiometrically composed of subunits required for DSB for-
mation (Maleki et al., 2007). Consequently, the HTP-3/MRE-11/
RAD-50 complex may represent a chromosome-associated
pre-DSB subcomplex that cooperates with other DSB sub-
groups to facilitate SPO-11-mediated meiotic DSB catalysis;
however, given our inability to detect colocalization of HTP-3
and MRE-11, it is unknown whether the interaction between
HTP-3 and MRE-11 is direct or involves other bridging factors,
and we cannot exclude the possibility that HTP-3 has an
MRE-11-independent function in DSB formation.
Weobserved thatHTP-3 is required for recombination initiation
in scc-3mutants and that themislocalization of HTP-3 from chro-
mosome axes from the earliest stages of meiotic prophase does
not block meiotic recombination initiation, suggesting that the
axis-associated population is dispensable for meiotic DSB for-
mation. Previous studies in budding yeast have shown that
mutants in meiotic axis components show severe defects in
DSB formation (reviewedbyKeeney, 2001); reduced steady-state
levels of DSBs are observed inmutants of Red1p, and evenmore
drastic reductions are observed in mutants of Hop1p (Mao-
Draayer et al., 1996; Xu et al., 1997; Woltering et al., 2000). How-
ever, evidence exists that the function of Hop1p in establishing
appropriate DSB levels occurs outside of its bulk localization to
chromosome axes; although axis association of Hop1p is depen-
dent onprior localizationofRed1p,HOP1mutants are epistatic to
RED1 mutants for recombination defects, revealing a Red1p-
independent and axis-association-independent requirement forlopmental Cell 14, 263–274, February 2008 ª2008 Elsevier Inc. 271
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it is the chromatin-associated pool of HTP-3 observed in WT
and Scc-3 nuclei in premeiotic S phase that is required for this
function.
The shift of HTP-3 from chromatin to assembling chromo-
somal axes upon entry into meiotic prophase and the subse-
quent recruitment of HIM-3 has functional implications for the
recombination pathway beyond recombination initiation. In
mutants of the SC components syp-1 (MacQueen et al., 2002)
and syp-2 (Colaia´covo et al., 2003), chromosome axes assemble
normally and recruit HIM-3 but fail to synapse. Nevertheless,
recombination is initiated at wild-type levels, but RAD-51-
marked recombination intermediates accumulate and persist
into inappropriately late stages and trigger the pachytene DNA
damage checkpoint, revealing a barrier to using the sister chro-
matid as a repair template during early- and mid-pachytene
(Colaia´covo et al., 2003). In contrast, the wild-type levels of
RAD-51 intermediates that form in him-3 null mutants disappear
with wild-type kinetics, despite the fact that the chromosomes
fail to synapse and homologous partners are also spatially
unavailable for exchange (Couteau et al., 2004). These observa-
tions suggest HIM-3 is a component of the BSCE that promotes
the use of the homolog as repair template and crossover forma-
tion (Couteau et al., 2004). Thus the functions of HTP-3 in recom-
bination are multifold—the protein is required to generate the
initiating DSB events and then, following its localization to mei-
otic chromosome axes, promotes interhomolog repair of the
DSB and maturation into chiasmata via HIM-3 recruitment and
HIM-3-mediated homolog alignment, BSCE, and synapsis.
EXPERIMENTAL PROCEDURES
Genetics
Bristol strain N2 was used as the wild-type control and all experiments were
conducted at 20C under standard conditions (Brenner, 1974). Mutant strains
were obtained from the Caenorhabditis Genetics Center (University of Minne-
sota, St. Paul) and C. elegans Gene Knockout Consortium. The following
mutations and rearrangements were used (LG, linkage group): LG III: brc-
2(tm1086), lig-4(ok716); LG IV: him-3(gk149), spo-11(ok79), rad-51(lg8701);
LG V: scc-3(ku263), mre-11(ok179).
Production and Testing of Antibodies
APCR fragment encoding amino acids 414 to 607 of HTP-3 was amplified from
cDNA yk184d3 using the following forward and reverse primers, respectively:
AAGGATCCCTTGTACCTCCAGTTGAAGTCGATG and TTCTCGAGAGCTGC
TTCTTCATGCTGCTCGGTG. The fragment was cloned in frame with the
His-tag of the pHEX cloning vector (gift from Scott Page) using BamHI and
XhoI restriction sites. Recombinant protein was expressed and purified using
Ni-NTA technology according to manufacturer’s protocol (QIAGEN). Rabbits
and guinea pigs were immunized according to standard protocols (Cocalico
Biologicals, Inc.). HTP-3 and HIM-3 antibodies were purified by immunoaffinity
chromatography with activated immunoaffinity supports (Affi-Gel 10/15, Bio-
rad), according to manufacturers’ instructions. The specificity of HTP-3 anti-
bodies was demonstrated by the following criteria: no signal could be detected
using preimmune sera; identical staining patterns were observed with both
rabbit and guinea pig polyclonal sera; no HTP-3 staining could be detected
in htp-3(RNAi) germlines. To generate an anti-MRE-11 antibody, a C-terminal
synthetic peptide (CKVVSTRQIDSDGFEIINDSP) was generated (Peptide Syn-
thesis Laboratory, Cancer Research UK). Rabbits were immunized (Harlan
Sera Labs, Loughborough, UK) with 1 mg of the peptide coupled to activated
keyhole limpet hemocyanin (Pierce, Rockford, IL). Antibodies were affinity
purified as described previously, dialyzed overnight against 20 mM Tris-
acetate (pH 8.0), 0.2 M potassium acetate, 10% glycerol, 1 mM EDTA, and272 Developmental Cell 14, 263–274, February 2008 ª2008 Elsevier0.5 mM dithiothreitol (Martin et al., 2005). The purified antibodies were then
tested in N2 and mre-11(ok179) worms before and after treatment with either
150 Gy of ionizing radiation, 180 mM cisplatin, or 200 mM nitrogen mustard.
The mitotic signal observed in N2 worms is damage specific and absent in
mre-11 mutants. The meiotic signal is not specific to damage and is absent
in mre-11 mutants.
Cytological Methods
DAPI staining, immunostaining and imaging, and FISH analysis was performed
as described in Couteau et al. (2004), using identical probes specific for the 5S
rDNA locus (chromosome V) and left end of the X chromosome. Images pre-
sented are high-magnification (100x) projections consisting of 20–30 0.2 mM
slices encompassing entire nuclei. Primary antibodies were used at the
following dilutions: rabbit anti-HTP-3 (1:200), guinea pig anti-HTP-3 (1:200),
anti-HIM-3 (1:200) (Zetka et al., 1999), anti-SYP-1 (1:100) (MacQueen et al.,
2002), anti-Ce-RAD-51 (1:100) (Rinaldo et al., 2002), anti-RPA-1 (1:100) (Martin
et al., 2005), and anti-MRE-11 (1:100). The following secondary antibodies
were used at a dilution of 1:500: Alexa Fluor 488 anti-rabbit, Alexa Fluor 555
anti-guinea pig (Molecular Probes).
RNA Interference
The existing mutation of htp-3, gk26, is a deletion allele tightly linked to a com-
plex rearrangement that includes a wild-type copy of the gene; consequently,
the strain has no phenotype (F. Couteau andM. Zetka, unpublished data). RNA
interference experiments were performed as described previously (Fire et al.,
1998). Three other paralogs of htp-3 (him-3, htp-1, and htp-2) have been iden-
tified in C. elegans but were not expected to be affected by interference with
htp-3 RNA because of limited sequence similarity. Staged adult hermaphro-
dites (20–22 hr post-L4) were injected with 500 ng/ml htp-3 dsRNA in the
pachytene region of each gonad arm and transferred to fresh plates every
15 hr. At 70 hr postinjection, the worms were dissected, fixed, and stained
as described above. Bacteria-mediated RNAi was performed under the condi-
tions described in Fraser et al. (2000) using scc-3 (F18E2.3) or spo-11
(T05E11.4) dsRNA-expressing bacteria (MRC Geneservice).
Immunoprecipitation
Adult N2 worms were frozen and ground, and the resulting powder wasmelted
on ice in homogenization buffer (50 mM HEPES-KOH [pH 7.6], 1 mM EDTA,
140 mM KCl, 0.5% NP-40, 10% glycerol, 5 mM 2-Mercaptoethanol, and
protease inhibitor cocktail [Complete Mini, Roche Diagnostics]) and centri-
fuged for 10 min at 16,000 g. The supernatant was used for immunoprecipita-
tion according to Chu et al. (2002). For the control IP, the antibody was blocked
by preincubation with a 50–100-fold excess of antigen at 20C for 1 hr.
g-Irradiation Experiments
Worms injected with htp-3 dsRNA were exposed to 5000 rads of g-irradiation
70 hr postinjection and processed for immunofluorescence 4 hr later.
Statistics
Significance of pairing levels was tested by Fisher’s Exact Test (two-tailed
p value and 95% confidence intervals [C.I.]). RAD-51 foci distribution was
compared by a Mann-Whitney test (two-tailed p, 95% C.I.), where positive
and negative nuclei for RAD-51 staining were taken into consideration. All
calculations were performed with InStat3 software (Graphpad).
Supplemental Data
Supplemental Data include three figures and one table and can be found with
this article online at http://www.developmentalcell.com/cgi/content/full/14/2/
263/DC1/.
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